(19) 



J) 



Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 




(12) 



(43) Date of publication: 

18.06.2003 Bulletin 2003/25 

(21) Application number: 02027195.3 

(22) Date of filing: 05.12.2002 



( ii) EP 1 319 736 A1 

EUROPEAN PATENT APPLICATION 

(51) Intel. 7 : C30B 15/10, C03B 19/09 



(84) Designated Contracting States: 

AT BE BG CH CY CZ DE DK EE ES Fl FR GB GR 
IE IT LI LU MC NL PT SE SI SK TR 
Designated Extension States: 
AL LT LV MK RO 

(30) Priority: 12.12.2001 US 21631 

(71) Applicants: 

• Heraeus Quarzglas GmbH & Co. KG 
63450 Hanau (DE) 

• Heraeus Shin-Etsu America, Inc. 
Camas, WA 98607 (US) 



(72) Inventors: 

• Kemmochi, Katsuhiko 
Vancouver, Washington 98661 (US) 

• Mosier, Robert O. 

Vancouver, Washington 98684 (US) 

• Spencer, Paul G. 

Stevenson, Washington 98648 (US) 

(74) Representative: Staudt, Armin, DiplMng. 
Patentanwaite 
Grimm & Staudt 
Edith-Stein-Strasse 22 
63075 Offenbach/M. (DE) 



(54) 



Silica crucible with inner layer crystallizer and method for its manufacturing 



(57) A silica glass crucible is disclosed comprising 
a barium-doped inner wall layer. The crucible is made 
by introducing into a rotating crucible mold bulk silica 
grain to form a bulky wall. After heating the interior of 
the mold to fuse the bulk silica grains, an inner silica 



grain, doped with barium, is introduced. The heat at 
least partially melts the inner silica grain, allowing it to 
fuse to the wall to form an inner layer. The inner layer of 
the crucible crystallizes when used in a CZ process, ex- 
tending the operating life of the crucible. 
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Description 



ThP nresent invention is related to the field of 
havTng a multi-layer wall in which one or more of the wall 

Z art for production of ingots of single crystalline 
Z C [which silicon wafers are made for use ,n the 

?SL a ass crucible housed within a susceptor. The 

Su51 Atoperatingtemperatures.theinnersurfaceof 
KSL cuciSe frequent, reac* with JtojJ* £*■ 

Slrl the crucible unfit for use in silicon ingot manu- 
re Whe a major portion of the inner surface * 

?Z orocess Siticon and oxygen, the ma.n compo- 

process. The quality 01 h tamination an d 

ruined, depending on me extern 

HiSSS==s= 



,o ton of barium-containing chem.cals. The coated cruc. 

Ev in controlling the thickness and uniformity of bar- 
30 Sis] Additionally. BaC0 3 is poorly soluble in water. 

sssasssssss-*—- » 

1 » ,nH Iihseouently lodge in the silicon crystal. 
45 con me t and SUDSequenujr w«s „_-tal ran 

The level of aluminum contamination of the crystal can 

2 J^essfully controlled in some cases. Nevertheless, 

is undesirable. 

50 

SUMMARY 



rn016l The present disclosure provides a silica glass 
[QOioj no k barium-doped layer 

55 STpld a concentrafion such that the 

law will rapidly crystallize upon heating. Ut liza 

VJEZ£ rather than 3 coaling on * e 
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surface, permits the crucible to be handled and proc- 
essed without damage to the barium-doped im ^ 
10017] A method is disclosed for making a jrta iwh 
ciblehavinganinnerlayerdo P edsoa S todev,tnfydunr^ 

a CZ run. The method comprises introducing into a ro- 
tating crucible mold bulk silica grain, consisting essen- 
t a y of quartz grain, to form a bulky wall After heating 
the interior of the mold to fuse the bulk silica grams an 
inner silica grain, doped with barium or containing ban- 
um is introduced into the mold. The heat also at least 
partially melts the inner silica grain, allowing «t to toe to 
the wall to form an inner layer. The crucible thus formed 
is cooled then taken out of the mold. 
[001 8] The inner layer is the layer being in contact with 
the melt during the CZ process, 
rod 91 The invention will become more readily appar- 
ent from the following detailed description, which pro- 
ceeds with reference to the drawings, in which: 

BRIEF DESCRIPTION OF DRAWINGS 
[0020] 



is a cross-sectional view of one em- 
bodiment of a silica glass crucible 
constructed according to the 
present disclosure, 
is an enlarged, partial cross-section- 
al view of the wall of the silica glass 
crucible shown in FIG. 1 . 
is an enlarged, partial cross-section- 
al view of the wall of a second em- 
bodiment of a silica glass crucible 
constructed according to the 
present disclosure, 
is an enlarged, partial cross-section- 
al view of the wall of a third embod- 
iment of a silica glass crucible con- 
structed according to the present 
disclosure. 

are diagrams showing a method for 
making the silica glass crucible 
shown in FIGS. 1-2. 
are diagrams showing a method for 
making the second embodiment sil- 
ica glass crucible shown in FIG. 3. 
is a diagram showing the initial step 
of forming an outer layer, to form the 
third embodiment silica glass cruci- 
ble of FIG. 4. 

FIGS 10A-10C are plan views of a prior art crucble 
inner surface at various stages of a 
CZ run. 

PIG n is an enlarged cross-sectional view 

of the portion of a crucible construct- 
ed according to the present disclo- 
sure, in which the inner layer is crys- 
tallized. 



FIG. 1 



FIG. 2 



FIG. 3 



FIG. 4 



FIGS. 5 - 6 



FIGS. 7- 8 



FIG. 9 



DETAILED DESCRIPTION OF EMBODIMENTS 

[0021] In more detail, the present disclosure provides 
a silica glass crucible suitable for use in a CZ process, 
s One embodiment of the crucible is shown in FIGS. 1-2. 
A silica glass crucible 1 has a wall 10 defining an interior 
cavity 12. The wall 10 comprises a side portion 10a and 
bottom portion. 

[0022] The side portion 10a of this embodiment com- 
ic prises a bulk layer 14 of pure silica and an inner layer 
16 formed on the inner portion of the wall. The bulk layer 
14 generally is a translucent glass layer consisting es- 
sentially of silica. The inner layer 16 is comprised of 

fused doped silica. .^cir* 
15 [0023] The inner layer 16 in the embodiment of FIGb. 

1-2 is doped with barium in the range of 5-150 wtppm, 
and preferably 15-75 wtppm. Here and in throughout the 
whole specification the indicated concentration refers to 
the concentration of the Ba-cation in the quartz glass. 
20 Generally, in the present application the names of ele- 
ments (-barium", "aluminum", "metal") are always used 
for designating the kind of the chemical substance, not 
its oxidation state. In quartz glass "barium" usually ex- 
ists in the form of "barium oxide" (BaO) and "aluminum 
25 in the form of "alumina" (Al 2 0 3 ). Consequently, the fre- 
quently used term "metal doped" stands for "doped with 

a metal ion". . 
[0024] In the illustrated embodiment, the inner layer 
has a thickness in the range of 0.2 mm-1.0 mm. 
30 [0025] In other embodiments, a thin barium-doped 
layer (= barium ion doped layer) can be formed on a 
transition layer of synthetic silica glass or pure s ,ca 
glass, the latter made from purified natural quartz. Such 
an embodiment is shown in an enlarged cross-sectiona 
35 view in FIG. 3. The side portion 10a of this embodiment 
comprisesa bulk layer 14, an innerlayer 16, and atran- 
sition layer 18. As in the embodiment of FIGS. 1-2 tt» 
bulk layer 14 is typically translucent silica glass, and the 
inner laver 16 likewise is doped with barium element (= 
40 barium ion element) as described below. 

[0026] The transition layer 1 8 can be non-doped silica 
glass, made from natural or synthetic silica gram. Alter- 
natively, however, various materials can be employed in 
^transition layer. For example, the transition lay* -can 
<5 be a doped layer. The dopant can be an element the 
same or different than that used in the inner layer. 
100271 In the alternative embodiment of the crucible 
shown in FIG. 4 . a doped layer is .too formed on the 
outer portion of the wall 19. In one embodiment, the out- 
50 er layer 19 is approximately 0.5-2.5mm in thK*ness and 
can be doped with aluminum in the range of about 
50-500 wtppm. In another embodiment, the outer layer 
aluminum in the range of about 100-500 
wtppnr Here and in throughout the whole specifics ton 
55 the indicated concentration refers to the concentration 
of the Al-cation in the quartz glass 
[0028] In a representative crucible, the side portion 
10a has a thickness of approximately 10.0 mm. of which 
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,he inner layer 16 comprises 0.2-1.0 mm. *e outer fc^r 
19 Tmprises 0.5-2.5 mm. and the bulk layer 14 com- 
prises the remaining 6.5-9.4 mm. 
mo29i The bottom portion can be constructed so as 
SSL a similar structure to the side porton 10a of 
FIGS 2-4. but is preferably formed without a doped out- 

mT' « should be apparent that a crucible «ml be 
instructed having an inner Iayer16. a transition layer 
18 a bulk layer 14. and an outer layer 19. 
0031] A method is disciosed herein for making a 
doped inner layer adapted to devitrify dunng a CZ run. 
The meld sh'own in FIGS. 5-6 is for making the cru- 
cible embodiment shown in FIGS. 1-2_ 
,0032] To form the bulk gra.n layer 36. the bu k gram 
hooner 22a flow regulating valve 26a and feed tube 24 

a mold 20 to form the bulk grain layer 36. The bulk sitaca 
LTn 30 is preferably pure quartz grain. Hopper st.rr.ng 
Saie 28a aids the uniform flow of grain from the hopper 

SoMl A scraper 32 shaped to conform to the inner 
2e oHhe mold, is generally used to shape the 
Educed bulk silica grain. In this manner, the bulk gram 
3 36 can be formed to a selected thickness. 
00341 Fusion of formed silica grain is shown .n AG. 
6 An electrode assembly, comprising a power source 
37 and Sectrodes 38a.38b. is positioned partially wrlh.n 
?h?infeS cavity of the rotating mold 20. An electnc arc 
Seen electrodes 38a. 38b by supping 
and approximately 1800 A direct current. A 
egion of heat 42?s thereby generate >^n ™ 
interior. This heat 42 serves to fuse formed bulk gra.n 

from proximal to distal, relative to electrodes 383.38^ 
T^mecSanism of progressive fusion through the aha 

skilled in the art, for example, as disclosed m U.S. Patent 
M„r 4 935 046 and 4.956.208 both to Uchikawa et al 

5 formed bulk grain layer 36. inner sto ^ 
ooured from the inner silica gra.n hopper 22b through 
Zube 40 inner grain flow regulating valve 26b can 

* controf the rate at 
44 is introduced into the region of heat 42. Hopper war 
Sg blade 28b also aids the homogeneity and uniform 

atesa very strong plasma field, propelling the parhaUy 

therein.andisdepositedonthesurfaceofthebulklayer, 

which is the fused bulk grain layer 36^ 
inmrn The introduced inner grain 44 is fused to we 
KyeMo fl an inner layer 16. Molten inner gra.n 



thereby is continuously deposited andfused over a pe 
S of time of inner layer formation. The inner layer^ 
Jus formed is essentia.ty transparent and 
The thickness of fused inner layer .s controlled by the 
5 LtroduSn rate of inner silica grain and by the penod 
of inner grain supply during fusion 
roo39] Inner silica grain 44 consists essentmlly oi sd 
ca orain such as natural silica grain washed to remove 
SnEants. doped with barium. Alterna.^ syn- 
,o toetic silica grain doped with barium , can £ sed. 

'imbSatn of fused bulk layer 14 and unfused bulk 

Sner layer and a transition layer comprises the steps 

S^lS!^* a bulk grain layer 36 the ' 
,„ Eride assembly is positioned within the crucible n- 
teSca i* an "a transln layer 18 is fused to the par- 
miSZ* layer 14, in a manner similar to deposi- 

Hopper stirring blade 28c can be employed similarly 

mot? 6 Aft e er 2 d 8 e a posi«on of the transition layer 18. the 
hoooer assembly ceases introduction of transit™ s.l.ca 

W rising transition ^^J-*^ 
26c Inner grain44. contained .n hopper 22b..sthen.n 

foduced vfa opening of flow regulating valve ^ Inner 
orain 44 is introduced into the reg.on of heat 42 .s at 
feast partiallymelted and deposited as inner iayer16on 

35 ST^mlesses of transition layer 18 and in- 
neVSer 16 are controlled with the help of flow control- 
ler 'ayer io a rtjvely . , n the method shown 

: 9 F, V Tlhe iXer l! is a transparent layer 
.o pre Sed between the inner layer 16 (typ.caHy also 
fransparent) and the translucent bulk layer 14. 

of transparent transition layer. For example, the Iran* 
SoJ layer 18 can be a pure silica layer, an aluminum- 
T Vta-r or a laver doped with another dopant. In 
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ficient centrifugal force to retain the poured outer silica 
Snon^Snersldesurfaceoftnemo.dasoutergra.n 

SK? .« outer .ayer is prepared, it is preferable that it 
?£!SZ** if the dopant is aluminum, for env- 
STJSXU- out so 

outermost surface results. Unfused grain , . disposed of 
in subsequent processing of the cruc.ble, typ.cally by 
sand-blasting and rinsing with water, 
mnsn Barium is chosen as the doping element, be 
Sasmllamountof barium can crystallize the sica 
J asS andTf H is dissolved In the sUicon m eU rf w.« not be 

SSTJXS^ ntheTnner grain hopper^ 
( 28b can be used to ensure uniform distn- 

grain and barium compound are noweu 

£S2g 

that a barium gradient from the inner surface to the tran 
sition layer is formed. 



loose, **^^EtES22 

compound can be in liquid form. e.g.. an aqueu 
ton ovarium hydroxide (Ba(OH) 2 ) or banu* ichorde 
BaCll) The liquid solution can be introduced .nto the 
5 ESrita grain 44 prior to or contemporaneous wrth 
SI of the inner silica grain into the heated re- 

m bari™. rafter to coaling me 

35 Sngdopedsilicagrainandpuresilicagrammthehop- 

mo601 The doped inner layer thickness can also be 
Ely oontroL by changing inner silica grain flow 
precisely w . element was ob- 

40 served, e.g., loss oueioouu 

the introduced dopant was found to be fixed within 

ba^donotc^HtoduruigBlyp^Z^"^ 
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blasting, followed by rinsing with water. After cutting the 
crucible to specified dimensions, it is cleaned by etching 
wilh dilute hydrofluoric acid and rinsing with pure water. 
The crucible is dried in a clean air bath, then bagged 
and boxed for shipment. A user typically unpacks the 
crucible and again cleans it before use (by rinsing with 
water or wiping with alcohol or any other methods as 
commonly used for pure silica glass crucibles). A cruci- 
ble constructed according to the present disclosure can 
be handled as described above. 
[0064] It is known in the ingot manufacturing industry 
that circular patterns (-rosettes") are observed on the 
crucible surface contacting the silicon melt. This phe- 
nomenon was determined to be a rosette 52 surrounded 
by crystobalite (FIG. 1 0A) . The center of the rosette has 
a rough surface that may be covered by a very thin 
crystobalite layer. Outside of the rosette is the original 
silica glass surface 50, which has retained its original 
smoothness. 

[0065] As CZ run time progresses, rosettes 52 grow 
and the surfaces of the rosette centers 54 become rough 
(FIG. 10B). Further, the rosettes 52 merge and the rough 
surface area 54 increases, with a concomitant decrease 
in the smooth virgin surface 50 (FIG. 10C). 
[0066] The present crucible suppresses the genera- 
tion of rosettes, which structures are the initial cause of 
the roughening of the inner surface. Rosette suppres- 
sion is accomplished by crystallization of the inner sur- 
face of a crucible wall prior to full melt-down of the silicon 
charge in a CZ process. 

[0067] Regarding these rosettes and concomitant 
surface roughening, the present disclosure employs 
barium doping to provide a mode for lengthening the 
useful life of a crucible suitable for use in a CZ-process. 
Generation of rosettes can be suppressed by crystalliz- 
ing the inner layer 16 of a crucible wall 14 (FIG. 1 1) prior 
to silicon charge melt-down in a CZ-process. The inner 
layer undergoes a phase transformation from fused sil- 
ica glass to crystobalite 56, so that the inner surface 62 
retains its smooth surface finish throughout. 
[0068] In this mode, the inner surface 62 of the cruci- 
ble is covered with crystobalite 56 before melt-down of 
the charged silicon. Rosettes are not formed by a reac- 
tion between the silicon melt and crystalline silica. Be- 
cause a rosette is not generated, a rough surface area 
does not appear and the inner surface remains smooth. 
[0069] Some silicon ingot manufacturers perform se- 
quential silicon crystal "pulls" using the same crucible. 
In these uses, a subset of the crucible side portion is 
alternately covered by the melt, exposed to atmosphere 
as the melt level drops, then covered again as silicon 
charge is added to begin another ingot pull. The inner 
surface of a crucible thus used is subjected to high 
stress for a longer time period, making more important 
the inner surface textural integrity. 
[0070] The barium doping level in the inner layer and 
the thickness of the inner layer has an effect on the ra- 
pidity of crystallization in the layer. Therefore, the depth 



and amount of barium doping in the inner layer is impor- 
tant to achieve a fully crystallized inner layer. 

EXAMPLES 

5 

[0071] Five crucibles A. B, C, D and E were manufac- 
tured according to the present disclosure. As well, cru- 
cible P was constructed according to the prior art. These 
crucibles have similar dimensions, e.g., nominal diam- 
10 eters of 24 inches. 

[0072] Barium doping levels were varied from 10-50 
wtppm for crucibles A-E, and inner layer thickness was 
also varied from 0.2-0.8 mm. 

[0073] The inner layer 1 6 of Crucibles A-E were made 
15 using a barium-doped inner silica grain. Crucibles A-D 
were made according to the above-disclosed method, 
with the inner layer thicknesses and doping levels as 
follows: crucible A, 0.8mm layer at 10 wtppm; crucible 
B, 0.5mm layer at 25 wtppm; crucible C, 0.2mm layer at 
20 50 wtppm; and crucible D, 1.0mm layer at 50 wtppm. 
Crucible E is a comparative embodiment, made with an 
inner layer of 0.1mm layer at 50 wtppm. 
[0074] The prior art crucible P was of 24-inch diame- 
ter. A 1 .Omm-thick inner layer was formed in its interior 
25 using pure natural silica grain instead of barium-doped 
inner silica grain. This natural silica grain contained 
trace amounts (<0.1 wtppm) of barium and roughly 8 
wtppm aluminum. 

[0075] Crucibles A-E and P were used in a 120-hour 
30 CZ-process, i.e., 120 hours at the chosen high temper- 
ature including melting of the silicon charge. The results 
of these processes are described below. 
[0076] Crucibles A-E and P were subjected to a 
120-hour CZ-process, after which the inner layer was 
35 examined. The smooth inner surface of crucibles A-D 
were found to consist essentially of crystobalite, with no 
rosette pattern evident. The crucible inner surface pre- 
sented a smooth finish, 

[0077] The 200-mm diameter silicon crystals made 
40 using crucibles A-D were also assessed. Dislocations 
were not observed in the silicon ingots. 
[0078J Crucible E, in contrast, was observed to have 
spot-wise crystallization of the inner layer, with surface 
roughening occurring in the non-devitrified loci. The CZ 
45 run using crucible E was terminated after 95 hours, as 
the silicon crystal experienced loss of structure. It is con- 
cluded that the thickness of a barium-doped inner layer 
should be greater than 0.1 mm for the present crucibles. 
[0079] Prior art crucible P was started in a similar 
so 120-hour CZ-process. However, at about 80 hours into 
the process, the nascent silicon ingot incurred a grain 
boundary flaw that disrupted its crystal structure. This 
flaw forced termination of the CZ-process and rendered 
the silicon crystal unsuitable for use in semiconductor 

55 manufacture. 

[0080] Examination of the inner surface of Crucible P 
revealed that it was roughened and almost totally cov- 
ered with merged rosettes, with very little of the virgin 
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glassy surface remaining. The rough texture within the 
rosette rings likely was the cause of the silicon crystal 
interference. 

[0081] A person skilled in the art will be able to prac- 
tice the present invention in view of the description 
present in this document, which is to be taken as a 
whole. Numerous details have been set forth in order to 
provide a more thorough understanding of the invention. 
In other instances, well-known features have not been 
described in detail in order not to obscure unnecessarily 
the invention. 

[0082] While the invention has been disclosed in its 
preferred form, the specific embodiments thereof as dis- 
closed and illustrated herein are not to be considered in 
a limiting sense. Indeed, it should be readily apparent 
to those skilled in the art in view of the present descrip- 
tion that the invention can be modified in numerous 
ways. The inventor regards the subject matter of the in- 
vention to include all combinations and sub-combina- 
tions of the various elements, features, functions and/or 
properties disclosed herein. 



Claims 



1 . A crucible comprising: 

a wall having a side portion and a bottom por- 
tion thereby defining an interior cavity, said wall 
comprising: a bulk layer; and an inner doped 
with barium. 

2. The crucible of claim 1 . wherein the inner layer is in 
the range of 0.2-1. 2mm deep. 

3. The crucible of claim 1 or claim 2, wherein the inner 
layer is doped with barium in the range of about 
5-150 wtppm. 

4. The crucible of claim 3, wherein the inner layer is 
doped with barium in the range of about 15-75 
wtppm. 

5 The crucible of one of the preceding claims, the wall 
further comprising a metal-doped outer layer 
formed on an outer portion of said wall. 

6. The crucible of claim 5, wherein the outer layer is 
substantially an outer layer of the side portion. 

7. The crucible of claim 5 or claim 6, wherein the outer 
layer is about 0.5 mm-2.5 mm deep. 

8. The crucible of one of the claims 5 to 7, wherein the 
outer layer is doped with aluminum in the range of 
about 100-500 wtppm. 

9. The crucible of one of the preceding claims, wherein 



said inner layer is at least partially crystallized. 

10. The crucible of one of the preceding claims, wherein 
said inner layer is adapted to substantially com- 

5 pletely crystallize prior to full meltdown of a silicon 
charge in a Czochralski process. 

1 1 . The crucible of one of the preceding claims, wherein 
" the wall further comprising a transition layer formed 

10 between the inner layer and the bulk layer. 

12. The crucible of claim 11, wherein the transition layer 
is free of barium doping. 

15 13. The crucible of one of the preceding claims 11 or 
12, wherein the transition layer consists essentially 
of natural silica glass. 

14. The crucible of one of the preceding claims 11 to 
20 13, wherein the transition layer consists essentially 

of synthetic silica glass. 

15. The crucible of one of the preceding claims 11 to 
* 14, wherein the transition layer is doped with a met- 

25 al. 

16. The crucible of claim 15, wherein the metal is alu- 
minum. 

30 17. A method for making a silica glass crucible, com- 
prising: 

forming a bulk grain layer on an interior surface 
of a rotating crucible mold, said bulk grain layer 
having a bottom portion, a side portion and a 
bulk grain layer interior surface; 
generating a region of heat in the interior of the 
mold, wherein the region of heat at least par- 
tially fuses said bulk grain layer to form a bulk 
layer, and 

depositing a barium-containing inner layer on 
the bulk grain layer interior surface. 



35 



40 



45 



50 



55 



18. The method of claim 17, wherein forming a bulk 
grain layer comprises introducing into the rotating 
crucible mold bulk silica grain, 

19. The method of claim 18. wherein bulk silica grain 
consists essentially of quartz grain. 

20. The method of one of the claims 17 to 19, wherein 
a selected thickness of the inner layer is in the range 
of 0.2-1 .0mm. 

21 . The method of one of the claims 17 to 21 , wherein 
depositing a barium-containing inner layer compris- 
es introducing into said mold inner silica grain 
doped with barium, wherein the region of heat at 



7 



13 



EP 1 319 736 A1 



14 



least partially melts said inner silica grain and fuses 
bulk layer. 

22. The method o. daim 21. wherein « silica 
grain is doped with barium in the range of 5-150 
wtppm. 

23. The method of daim 21. wherein 
grain is doped with barium in the range of 15-75 
wtppm. 

The method of claim 17. wherein depositing a bar- 
IJn^Sning inner layer comprises introducmg 
ntoS mo. inner silica grain and banum. and 
S£ f the region of heat at 
said inner silica grain and fuses sa.d at leas par 
U molten inner silica grain to the bulk layer. 

25 The method of claim 24. wherein the inner silica 
Jam consists essentially of natural slbca gram. 

26 The method of claim 24. wherein the inner silica 
* insists essentially of synthetic silica gra.n. 

27 The method of claim 24. wherein the barium is a 
2d compound admixed with the inner s*ca gram. 

28 The method of claim 27. wherein the solid barium 
lompound is admixed with the innersilica gram pn- 
"Sdudngintosaidmo.dinner8ii.cagra.nand 

barium, 
layer: 



34. The method of claim 33. where.n 

sttion layer comprises introducmg into a rowmg 
cmdble mold transiUon silica grain, where.n the e- 
^ of h eat at .east partia.hr melts -« 
Sea grain and fuses said at least parbally molten 
5 Son silica grain to the bulk .ayer to form me 
transition layer. 

35 The method of claim 34. wherein the transition silica 
,o gl consists essentially of natural sihea gram. 

36 The method of claim 34, wherein the transition silica 
3 Jain insists essentially of synthetic sihea gram. 

15 37 . Themethodofclaim34.wheremthetran S itionsilica 
grain is doped with a metal. 
38. The method of claim 37. wherein the metal is alu- 
rntnum. 

20 



25 



30 



35 



forming an outer grain layer on 
face of a rotating crucible mold where.n there- 
gion of heat at least partially fuses sa.d outer 
grain layer to form an outer layer. 

30 The method of claim 29. wherein the outer layer is 
' formed substantially on the side porton. 

, . . ._ oq or c |aim 30, wherein form- 
the bating crucible mold outer silica gram. 

,2 The method of claim 31. wherein the outer silica 
* grain * doped with aluminum in the range of 
100-500 wtppm. 

•ssss - 

containing inner layer on the trans.t.on layer. 
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